Abstract This paper presents the design and implementation of a low-cost solar-powered wheelchair for physically challenged people. The signals necessary to maneuver the wheelchair are acquired from different muscles of the hand using surface electromyography (sEMG) technique. The raw sEMG signals are collected from the upper limb muscles which are then processed, characterized, and classified to extract necessary features for the generation of control signals to be used for the automated movement of the wheelchair. An artificial neural network-based classifier is constructed to classify the patterns and features extracted from the raw sEMG signals. The classification accuracy of the extracted parameters from the sEMG signals is found to be relatively high in comparison with the existing methods. The extracted parameters used to generate control signals that are then fed into a microcomputer-based control system (MiCS). A solar-powered wheelchair prototype is developed, and the above MiCS is introduced to control its maneuver using the sEMG signals. The prototype is then thoroughly tested with sEMG signals from patients of different age groups. Also, the life cycle cost analysis of the proposed wheelchair revealed that it is financially feasible and cost-effective.
Introduction
With the advent of sophisticated and stand-alone computing platforms, human-machine control (HMC) interfaces have found applications in diverse fields including design of technology for physically disabled people [1] [2] [3] [4] [5] [6] . The research on effective design of wheelchairs has been in the spotlight for over a decade now. During this period, the focus of the research has shifted from structural efficiency to ease of operation of the wheelchairs. The manual operations of wheelchairs require some forms of additional assistance sometimes even from a caregiver which is not an option for everyone. The control systems for manually operated electric wheelchairs usually require a certain degree of external control inputs, such as in form of joystick or array of push buttons in order to provide required information (e.g., direction and speed) to the controller. Persons with marginal limbic ability are not expected to operate this kind of wheelchair by themselves. To overcome this problem, automated control-based wheelchairs have been proposed and many research groups are still working on developing sophisticated and intelligent wheelchair control systems [7] . Such automated wheelchair has potential applications in the field of mobile healthcare systems, as demonstrated in some research works [8, 9] . This kind of wheelchairs samples specific biological signals which are generated without extreme & Mufti Mahmud muftimahmud@gmail.com 1 limbic movements, such as electromyogram (EMG) [10] [11] [12] [13] , electroencephalogram (EEG) [4] [5] [6] 14] , and electrooculogram (EOG) [15, 16] , to provide the necessary control signals for maneuvering the wheelchair. Further existing wheelchair control techniques include: eye gaze tracker method [17] , eye blinking [18] , tongue movement [19] , speech recognition [20] , and stereo omnidirectional system-based gesture detection from images [21] .
For optimal performance of a real-time assistive device, it is very important to have control systems which are capable of processing the input signals at minimal computation times. The EMG emerged as a potent candidate for such real-time systems due to the presence of high correlation between muscle movements and EMG signal features. Although it has been demonstrated previously that EEG can be utilized in real-time systems as well [4] [5] [6] 14] , the analysis of such complex signals requires greater amount of computations, thus high processing times. Sophisticated methods (e.g., common Bayesian network to analyze multiclass motor imagery EEG signal from fifteen adjacent channels [22] ) have been proposed which are ideal for more performant systems. In addition, analysis of other signals such as voice takes relatively longer processing time owing to the much more in-depth analysis of the signals (e.g., language-and pronunciation-specific processing), hence less preferable for such applications. The core limitation of eye blinkingbased control system is the cost of the sensors, aided by the discomfort caused for the people who use lenses. Also, EOG systems need a significant amount of time to be calibrated and are also prone to corruption caused by unintentional eye movements. Vision-based eye tracking is used in some works, but the systems suffer from a high processing delay caused by extensive usage of softwarebased methods.
Due to the fact that these types of assistive devices (automatic wheelchairs) require very brief and impulsive signals (mentioned above) for their control systems to operate, they have been adopted by a wide range of physically challenged users. Since it is intended to use lesser degree of physical movements in controlling these assistive devices, the main challenge in designing such devices lies in the accurate and efficient extraction of all necessary information from the biological signals required to control those devices.
To this aim, intelligent systems have found to play a major role in design of wheelchair control systems. Specially, fuzzy logic controllers have been used in both microcontroller and field-programmable gate array (FPGA) with ultrasonic sensors for controlling the wheelchair by taking dynamic timing information from the navigation environment [23] . Also, an FPGA-based parallel fuzzy controller for wheelchair is proposed in [24] . The fuzzy system drives two H-bridges depending on the inputs provided by the disabled person.
In this work, a solar-powered wheelchair is proposed which has its control signals derived from a very common biological signal: the surface electromyogram (sEMG) signal. People with limited limbic abilities are the target users of this technology who have some abilities to produce certain level of muscular activation to generate the EMG signals and thereby to drive the wheelchair. An early prototype of such a wheelchair has been reported in [7] . The main contributions of this work are as follows:
1. Use of lesser number of electrodes to extract the sEMG signals; 2. Use of ANFIS model to derive the control signals; 3. Utilization of solar energy to power the wheelchair; and 4. Development of a low-cost wheelchair. Figure 1 shows the proposed solar-powered wheelchair. The main components are: solar panels, battery charge controller, battery bank, sEMG signal acquisition and processing module (containing signal preprocessing, feature extraction, pattern classification), and wheelchair's motor control unit. The navigation control unit is responsible for driving the wheelchair in any desired direction (see Sect. 2.6).
Methods

Wheelchair with Solar Power
The custom-made wheelchair is seen in Fig. 2 with the design principles explained in the subsequent sections.
Assembling of the Wheelchair The proposed wheelchair is a low-cost one meaning that the designing and manufacturing of the wheelchair were carried out with locally available materials. Aluminum metal pipes which are considerably cheaper and lighter than steel were used. This type of material allowed the wheelchair to be light in weight, thereby reducing the required driving force. Also, it was designed as tilted-seat wheelchair facilitating the usability for patients with spinal cord injury. The battery is housed just under the seat of wheelchair, utilized photovoltaic (PV) energy for charging which saved considerable amount of utility bill in comparison with the ones charged using the national grid.
Additionally, the control system was designed by means of a powerful advanced RISC machine (ARM) processor which allowed complex algorithms to be executed, thus avoiding expensive hardware to be employed in the design.
In comparison with other existing automatic wheelchair systems, the attribute 'low cost' is justified considering the technological advantages in parallel with the price of the product. The average price of an automatic battery-powered wheelchair is around US$2500. A vast majority of them are designed with a focus on structural privileges such as folding ability and light weight battery as well as energy concerns such as low power consumption. The technological features of these wheelchairs are limited to providing external input via joystick or keypad. Considering those limitations, the flexibility provided by the proposed automatic wheelchair is greater with a manufacturing cost of around US$950.
Interfacing with the Solar Panel Solar panels (IM60, Motech Industries Inc., Taiwan) were used to convert solar radiation into electrical energy. Energy from sunlight was stored in battery bank, which was controlled by a commercially available charge controller (20A 12V/24V auto switch MPPT solar panel battery regulator charge controller KJ) to track the maximum power point (MPP). Lead acid battery (36B20L, Hamco Corporation, Dhaka, Bangladesh) was considered because of its low cost, reliability, tolerance to overcharge, low initial impedance, and the ability to deliver high current. The battery bank was utilized as backup energy provider because the PV system only generates enough electricity with sunlight.
Surface Electromyogram (sEMG) Signals
EMG signal is generated due to the rapid movement of ions across a cell membrane causing a charge imbalance between inside and outside of the membrane. Due to the diffusion of Na þ , K þ and Cl À ions, a potential difference is generated and propagates through the muscle fiber in form of an action potential (AP). This potential ranges from a resting value of À90 mV to a peak value of þ35 mV, and the instantaneous potential is directly proportional to the force produced by contraction of muscle fibers conducting the AP [25, 26] . The sEMG is measured as the potential difference between a pair of electrodes with an additional electrode as reference. Since the measured potentials are very low in amplitude, the signals require amplification and preprocessing prior to be used in the control circuitry.
The acquired sEMG signals (see Sect. 2.3 for acquisition process) were preprocessed, and some important features were extracted (see Sect. 2.4 for feature extraction process) from its time and frequency domains. The time domain features were: mean absolute value (MAV), rootmean-square (RMS), and slope sign change (SSC) [27, 28] , whereas the frequency domain features were: zero crossing (ZC) and local minima (LM) [29] . These features were further classified using an adaptive neuro-fuzzy interface system (ANFIS) (see Sect. 2.5) model for creating the control signals which were then fed into the driving circuit 
Signal Acquisition and Processing
Hand muscle movements of a subject generate sEMG signals. The signals were taken during four different hand motions: wrist extension (WE), wrist flexion (WF), thumb movement (T), and finger movement except thumb (F). Placement of lead electrodes to collect raw sEMG signals is illustrated in Fig. 4 . Single electrode was used for each sEMG signal since appropriate positions for the lead electrodes were found using the trial and error method. The signals were collected for 1 minute at 1 kHz sampling frequency (Fig. 5) .
The signal acquisition system front end used in acquiring the sEMG signals is shown in Fig. 6 . The acquired signals are preprocessed, filtered, and amplified. Surface EMG sensor of identical electrical characteristics was used to acquire muscular signals, denoted by V EMG . The frequency range of the sEMG signals lies between 7 and 500 Hz [30, 31] .
Due to the fact that the sEMG signals are very often contaminated by noise from human body motion, electrode contact problems, power line, amplifier, etc., they might not produce quality signals to be used to control the wheelchair. To mitigate the noise effects, a number of design issues were considered during the design phase of this work. Starting with placing the stimulation electrodes in proper places on the body with respect to recording electrodes, after acquisition of the raw sEMG signals, they are passed through a system which preprocesses those raw sEMG signals to improve the signal-to-noise ratio (SNR).
The motion artifacts were eliminated by band-pass filtering the signals between 10 and 20 kHz. The electrode noise, power line noise, etc., were difficult to remove; however, the sEMG signals were denoised (rather the SNR was improved) by wavelet-based methods as described in [32, 33] . These denoised and high SNR sEMG signals were further processed to extract important features.
Feature Extraction
In general, feature extraction from the sEMG signals is complex and very important for classification of the hand movements. Features of the signal are decomposed and then extracted in order to form a set of feature vectors that have representative description of the sEMG signal.
After investigation of the feature representations, it has been found that time domain features, such as MAV, RMS, and SSC, are adequate for classification of sEMG signal. However, when acquiring signals in time domain, the acquired data lose information resulting from temporal distortion of the signal. To mitigate the limitation imposed on the accuracy of the classification performed using time domain features, time-frequency domain features are used in addition to time domain ones. Below is a list containing the heuristically selected features.
-Time domain (as suggested in [27, 28] ):
-Mean absolute value (MAV): The MAV was calculated using the formula
-Root-mean-square (RMS): The RMS was calculated using the formula
-Slope sign change (SSC): The SSC was calculated using the formula -Zero crossing (ZC): The ZC was calculated using equation
-Local minima (LM): if x iÀ1 [ x i and x i \x iþ1 where 1 \ i \ n À 1, index i is a local minima index and its local minimum value is x i . If ðx nÀ1 \x nþ1 Þ it is right minimum, else if ðx nÀ1 [ x nþ1 Þ it is left minimum.
In the above expressions, x n is the individual samples and N is the size of sample population. The calculation of MAV, RMS, SSC, and ZC was performed as described in [34] , and the LM was calculated as in [35] .
Since sEMG signals have a number of irregular descriptions in the time domain, adjacent window method [36] was applied on the filtered signals of 200-ms window to extract the above-mentioned features. The window was further divided into 4 Â 50-ms subsegments to improve the efficiency of the feature extraction process.
Microcomputer-based Control System (MiCS)
Fuzzy inference system (FIS) was first introduced in 1965 [37] . Fuzzy logic can incorporate human decisionmaking capability in the form of IF-THEN rules. The sEMG signals are non-stationary in nature; thus, the pattern classifications are very difficult. Fuzzy logic system is able to classify the pattern of biological signals. In FIS, inputs are fuzzified to a value that lies in the interval [0, 1]. Then it is interpreted by the IF-THEN rules [37] .
The adaptive neuro-fuzzy inference system (ANFIS) for this control system was implemented in a Raspberry Pi 2 (https://www.raspberrypi.org/), and the necessary codings were done in python (v.3.4, https://www.python.org/).
The singular value decomposition method was used to determine the number of fuzzy rules. The membership parameters of the Takagi-Sugeno-type ANFIS were adjusted by using neural network [38] . Figure 6 shows the ANFIS structure with five inputs, denoted by I i , where i ¼ ½1; 2; 3; 4; 5 ½MAV, RMS, SSC, ZC and LM and one output, denoted by O [38] . Bell-shaped membership functions (MF) were used [38] due to its advantage of being smooth, concise, and nonzero at all points. The required parameters for the input-output pairs were calculated using hybrid back propagation and least mean squares (LMS) algorithms. The membership functions were derived from four fuzzy rules and were given appropriate names (low, medium, and high). The control signals generated by the MiCS as output were calculated using Eq. 5.
where p is the number of linguistic variables and L is the number of rules in the rule base. The output of each rule, denoted by Z i , is given by Eq. 6:
where a ij is the consequent parameters of input j. The linguistic variable of the inputs is: MF 
Training, Test, and Validation
After extracting the features from the sEMG signals the selected features were organized into a number of classes, where each class represents a distinct muscle movement pattern, to improve the accuracy of the pattern recognition process. The feature vectors were provided to the ANFIS model to create a feature matrix where each element of the matrix denoted a feature from a specific signal. Then the feature matrix from the sEMG signals was transformed to a control signal using 4-bit binary code corresponding to the desired movement.
The three data sets for training, testing, and validation were generated from the acquired sEMG signals. In total, 70 % of the total data were used for training, 15 % were used for testing, and the remaining 15 % were for validation.
Individual test procedures were performed to interpret the contribution of each sEMG signal. The tests were validated using several parameters which constituted the overall classification accuracy and were measured as the closeness between the actual class and the predicted class using the following equation [39] :
where TP and FP are the number of true and false classifications of movements generated by particular muscles, respectively. TN and FN are the number of true and false classifications of movements generated by other muscles and the correct muscle, respectively.
Wheel Chair's Navigation Controller Figure 7 illustrates control circuit for driving the wheelchair in a particular direction. Here D refers to diode (1N5400), and T refers to transistor (2SD1760). The diodes D 1 and D 2 were used to discharge the residual current when motors were in OFF state. The direction control strategy for the proposed wheelchair is given in algorithm 1. Initially, the wheel chair was stalled in its position and waited for a control signal (CS). 
One of the four CSs was received from the MiCS: forward CS (FCS); left CS (LCS); right CS (RCS); stop CS (SCS).
Data: FCS, LCS, RCS, SCS
Algorithm 1: Wheelchair direction control algorithm
When the received control signal was FCS, both T 1 and T 2 were switched ON. Thus, motors (M1 and M2) moved the wheelchair in the forward direction. If the received control signal was LCS, T 1 and T 2 were switched OFF and ON, respectively, to move the wheelchair in leftward direction. Similarly, if the received control signal was RCS, T 1 was switched ON, while T 2 was OFF, this caused the wheelchair to move in rightward direction. When the SCS was received, both T 1 and T 2 were switched OFF and the movement of the wheelchair was halted.
Results and Discussion
Feasibility of Wheelchair Maneuvering using sEMG Signals from Hand Movements
The wheelchair was tested with sEMG signals recorded from the hand muscles using sEMG sensors. Table 1 shows hand movements, sensor position on different muscles to extract sEMG signals, and the corresponding functions for the wheelchair. To evaluate TP and TN for each pattern, 240 and 560 tests were performed, respectively, where the number of tests was chosen heuristically. These yielded a mean value of achieved accuracy for each muscle movement pattern which was found to be high in comparison with the results presented in our previous work [7] . The sEMG signals were successfully recognized for their related movements. Table 2 shows the confusion matrix of the identified and real movements of the hand obtained from MiCS using methods described in [40] . It can be appreciated that during the classification process, the MiCS could successfully distinguish between the movements from the wrist and the fingers. Also, the accuracy of identifying the wrist movements (97.5 %) was higher than that of the finger movements (96 %). The maximum recognition rate was found to be 97.5 % with maximum error to be 4 %. Table 3 shows accuracy comparison of hand movements' recognition among three studies:
1. From Nishikawa et al. [41] , 2. From Kehzri and Jahed [29] , and 3. From the system proposed in this work.
The achieved accuracy of the proposed approach is found to be better than that of the previous studies. It is worth mentioning here that this approach requires less amount of hand movements to achieve such high accuracy in comparison with other studies.
Financial Feasibility
To evaluate the financial feasibility of the proposed wheelchair, the life cycle cost (LCC) analysis of the entire system was performed using Eq. 8. LCC is a useful tool for understanding the cost-effectiveness of different types of wheelchairs. LCC was computed on the capital cost, total operation and maintenance cost (O and M), and total replacement cost over the whole life time. Based on [7] , LCC was used to find the optimal energy configuration of the system.
where K is the life time of the system, C c is the capital cost of the system, C k O&M is the annual operation and maintenance cost of year k and C k r is the replacement cost of the system.
For a wheelchair, LCC calculation is performed considering the expected lifetime of the system to be 20 years. Since the battery lifetime is 5 years, during the lifetime of the system the battery should be replaced at least three times (non-recurring cost). Table 4 shows LCC analysis for different wheelchairs available in the global market. As evidentiated, the solar-powered wheelchair proposed in this work is financially feasible.
Conclusion
A solar-powered electric wheelchair was proposed, and a prototype was developed in order to test the desired functionalities. The control sequences required to maneuver the wheelchair were derived from sEMG signals. The raw signals were carefully preprocessed to remove the artifacts present in the signals in order to improve the SNR. The improved signals were fed to MiCS, a powerful stand-alone microcomputer-based control system, which took the muscle activation information and applied a feature extraction algorithm to extract useful features representing the hand movements. Later, an adaptive neuro-fuzzy interface system was applied to classify and identify the hand movements and translate them to desired direction parameters. The MiCS yielded a satisfactory accuracy of above 97 % in deciphering the hand movements from the sEMG signals. The direction parameters generated by MiCS were then used in driving the wheelchair. The design of the system was flexible enough, thanks to the functionalities performed by MiCS, for the integration of additional features such as global positioning system-based location, usage of EEG instead of EMG, speech-based emergency brake, etc., which are left to be implemented in the future.
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